A B S T R A C T Siberia with its large area covered with boreal forests, wetlands and tundra is believed to be an important sink for ozone via dry deposition and reactions with biogenic volatile organic compounds (BVOCs) emitted by the forests. To study the importance of deposition of ozone in Siberia, we analyse measurements of ozone mixing ratios taken along the Trans-Siberian railway by train, air-borne measurements and point measurements at the Zotino station. For all data, we ran the Lagrangian particle dispersion model FLEXPART in backward mode for 20 d, which yields the so-called potential emission sensitivity (PES) fields. These fields give a quantitative measure of where and how strongly the sampled air masses have been in contact with the surface and hence possible influenced by surface fluxes. These fields are further statistically analysed to identify source and sink regions that are influencing the observed ozone. Results show that the source regions for the surface ozone in Siberia are located at lower latitudes: the regions around the Mediterranean Sea, the Middle East, Kazakhstan and China. Low ozone mixing ratios are associated to transport from North West Russia, the Arctic region, and the Pacific Ocean. By calculating PES values for both a passive tracer without consideration of removal processes and for an ozone-like tracer where dry deposition processes are included, we are able to quantify the ozone loss occurring en route to the receptor. Strong correlations between low ozone concentrations and the spatially integrated footprints from FLEXPART, especially during the period summer to autumn, indicate the importance of the Siberian forests as a sink for tropospheric ozone.
Introduction
Forests and wetlands act as biological sources and sinks for many atmospheric compounds and, thus, play an important role for the chemical composition of the atmosphere (Gao et al., 1993) . Large areas on the Russian territory are covered by boreal forests, tundra and wetlands. Siberia, in particular, stretches over some 8000 km from the Urals at about 608E to the Pacific Coast at 1708E, and over some 3500 km from the Chinese and Mongolian borders near 488N to the Arctic islands around 808N. In total, Siberia encompasses 13.1 )10 6 km 2 , which is about 9% of the Earth's land area. With only 36 million inhabitants, roughly 0.5% of all people worldwide, Siberia is one of the least populated areas worldwide. Furthermore, almost all people live in the southern parts of Siberia along the Trans-Siberian railway. Of the total area of Siberia, Shvidenko and Nilsson (1994) classified about 48% as forest, which constitutes about 20% of the world's forests in total and about 50% of all coniferous forest areas. Siberia can be divided into three regions: West Siberia, East Siberia, and Far East Siberia. Pine forests dominate in the West and larch forests in the two eastern regions (Shvidenko and Nilsson, 1994) .
Large areas, about 20 000 km 2 , of Siberian forests are burnt annually by fires, some of them natural, others triggered by humans (Schultz et al., 2008) . The areas burned have increased in recent years also because of inefficient fire-control measures and because the resources devoted to fire control are deteriorating significantly in Siberia (Shvidenko and Nilsson, 1994; Flannigan et al., 2009) . Forest fires emit a large variety of compounds, including ozone precursors carbon monoxide (CO) and nitrogen oxides (NO x ) (Andreae and Merlet, 2001) that play a significant role in atmospheric chemistry. Siberian forest fires emit annually 1289104 TgC yr (1 (van der Werf et al., 2010) , with a large inter-annual variability (Tanimoto et al., 2000; Wotawa et al., 2001; Derwent et al., 2007) .
Tropospheric ozone (O 3 ) is an important trace gas that plays a key role in tropospheric photochemistry and is the main source of the hydroxyl radical (OH) . Recent studies on observed historical and present time ozone mixing ratios show that the background tropospheric ozone mixing ratios have doubled since pre-industrial times due to human activity (Vingarzan, 2004; Monks et al., 2009 ). There are indications that background ozone levels over the midlatitudes of the Northern Hemisphere have continued to rise over the past three decades in the range of approximately 0.5Á2% per year (Derwent et al., 2007; Parrish et al., 2009; Tanimoto, 2009; Cooper et al., 2010) . Tropospheric ozone acts as a greenhouse gas and increases because the preindustrial era and is estimated to give a radiative forcing of 0.3590.15 W m (2 according to Forster et al., 2007 . This is about 20Á25% of the estimated total radiative forcing from greenhouse gases (Monks et al., 2009 ).
An important sink of ozone is its uptake by vegetation both passively by deposition on cuticular (leaf) surfaces and actively by stomatal gas exchange (Altimir et al., 2008) . The stomata opening is controlled mainly by light, and stomata are more open during daytime, but are still partly open for many plant species during night (Roberts, 1990) . Stomatal opening is also controlled by environmental stresses such as drought and enhanced mixing ratios of air pollutants that will induce stomatal closure (Maier-Maercker and Koch, 1992) . Ozone, in particular, is a harmful oxidant that affects the cellular structures in plants. Exposure to ozone and other stresses often leads to increased emissions of biogenic volatile organic compounds (BVOCs) (Loreto et al., 2004; Niinemets, 2010) . The emitted BVOCs not only alter the plants' physiological response to ozone but can also react with ozone in the atmosphere, thus destroying the ozone before it reaches the plant surface (Goldstein et al., 2004; Pinto et al., 2010) . Thus, BVOC emission is likely a protective mechanism against ozone exposure. Low surface ozone concentrations in large forest areas have been reported both for Siberia (Pochanart et al., 2003) and Amazonia (Kirchhoff, 1988) and have been explained both by the effective dry deposition on leaf surfaces and destruction by BVOCs. Given the globally rising ozone concentrations, these ozone sink areas are very important and deserve more attention.
Recently, low ozone-mixing ratios have been observed from aircraft in the boundary layer (BL) over Siberia during the YAK-Airborne Extensive Regional Observations in Siberia (AEROSIB) campaigns conducted over Siberia during the years 2006Á2008 (Paris et al., 2008 , Paris et al., 2010a . Ozone mixing ratios there increase rapidly with altitude indicating the importance of the surface as a sink. The vertical gradient in ozone-mixing ratios observed above Siberia is also much steeper in summer when the vegetation is active than in spring. We take these findings as a motivation for this study, in which we investigate measured ozone-mixing ratios over Siberia from three different measurement platforms and research programmes: (1) train measurements performed by the TRans-Siberian Observations Into the Chemistry of the Atmosphere (TROICA) campaigns since the year 1999, (2) aircraft measurements from YAK-AEROSIB campaigns during the years 2006Á2008 and (3) measurements made at the Zotino research station. By combining datasets from the three different platforms, each with its own advantages and disadvantages, the spatial and temporal variation of ozone over Siberia can be studied. We investigate the source regions and the role of the Siberian forests as a sink for O 3 by combining the measurements with air mass transport modelling using the dispersion model FLEXPART. This work is performed as part of a joint NorwegianÁRussian research program; Study of Russian Air Pollution Sources and their Impact on Atmospheric Composition in the Arctic using the TROICA railway carriage, data from Svalbard and the FLEXPART transport model (RAPSIFACT).
Data and methods
2.1. Trace-gas measurements 2.1.1. Station measurements. The remote station Zotino is located in the western part of Siberia (300 m above sea level 60.438N, 89.408E, see Fig. 1 ). The environment of the Zotino region is dominated by pine forests (Pinus Sylvestris) interspaced with bogs. The closest cities are situated over 2000 km to the East (Yakutsk) and 1000 km to the West (Surgut) and an industrial area with large nickel smelters is located near Norilsk, about 1000 km to the North. See more information about the experiment region of Zotino in Lloyd et al. (2002) and Schulze et al. (2002) . In this study, we use ozone measurements from Zotino from mid-March 2007 to early February 2008. The O 3, NO and NO 2 measurements at Zotino station were performed using correspondingly DASIBI 1008 and TE42C-TL instruments that have been also exploited in TROICA campaigns.
All data were averaged to 3-hourly values for direct matching with FLEXPART data (see below). Even though the measurements covered only 1 yr, they allow studying the seasonal variation of ozone in Siberia, shown in Fig. 2 . The highest ozone concentrations are observed in spring, particularly in March and April. This is in agreement with the increasing photochemical ozone production and import from the stratosphere as observed in the high-latitude North American remote free troposphere (FT) during spring (Browell et al., 2003) . However, contrary to the free tropospheric observations over North America, ozone concentrations at Zotino start to rapidly decline in May to reach a minimum in autumn. It start increasing again in winter. This behaviour is similar to the seasonality reported for another Siberian surface site, Mondy (Pochanart et al., 2003) . However, ozone mixing ratios at Zotino are lower by more than 10 ppbv than those at Mondy, especially in summer, likely because Mondy is located further to the southeast at the fringes of Siberia. In contrast to the Siberian surface observations, aircraft observations suggest a summer maximum in the upper troposphere over Siberia (Stohl et al., 2001) . It, thus, appears that the summer minimum near the surface is related to ozone deposition on plant surfaces or chemical destruction with BVOCs near the forest canopy. Based on the observed seasonality, we distinguish between the seasons spring (March, April and May), summer (June, July and August), autumn (September, October and November) and winter (December, January and February), also denoted SPR, SUM, AUT and WIN, respectively, in the paper.
Train measurements.
Train-based measurements allow us to study the horizontal distribution of ozone over the Eurasian continent. TROICA was established in 1995 (Crutzen et al., 1998) and uses a train carriage as a mobile measurement platform. In total, there have been 15 TROICA campaigns since 1995, of which 11 were running in the EastÁWest direction along the Trans-Siberian railway between Moscow and Vladivostok and three in the NorthÁSouth direction between Murmansk and Moscow or Kislovodsk. One campaign in 2006 was conducted around Moscow. In the present study, we focus on O 3 measurements obtained during campaigns running from 1999 to 2009 in the EastÁWest direction, in total 7 campaigns ( Fig. 1 , Table 2 ). The length of the campaigns is up to 14 d during which the train is travelling first eastwards to Vladivostok and then back to Moscow.
TROICA measurements of interest are those of O 3 and of the nitrogen oxides (NO and NO 2 ). For O 3 , a Dasibi 1008-RS instrument with a measurement interval between 0 and 1000 ppbv and with an accuracy of 1 ppbv was used. The instrument was calibrated against the ozone generator GP-024 and against the European standard SPR no. 011 and Russian national standard SPR no. 038 (e.g. Golitsyn et al. 2002; Elansky 2009 ). Nitrogen oxide-and nitrogen dioxide-mixing ratios were measured with AC-30M (TROI-CA-5), TE-42C-TL (TROICA-7, -8, -9) and Teledyne M200AU (TROICA-11, -12, -13) two-channel chemiluminescent gas analysers. The method is based on the luminescence radiation from the chemical reaction between NO and O 3 . To measure NO 2 , a catalytic converter reducing NO 2 to NO was used. The measurement range is 0Á1000 ppbv with an accuracy of 1 ppbv for the AC-30M, 0.05Á400 ppbv and 0.05Á200 ppbv with the general error1% for the TE-42C-TL and M200AU, respectively. The measurement interval is 10 s, and reference gas mixtures provided by Max Planck Institute for Chemistry (Mainz), Global Monitoring Division of U.S. National Oceanic and Atmospheric Administration (GMD/NOAA) and All-Russian D.I. Mendeleyev Institute for Metrology (VNIIM) in Saint Petersburg were used to calibrate the instruments (Markova et al., 2004; Elansky et al. 2009 ). In addition to the trace-gas measurements, standard measurements of the meteorological parameters such as temperature, pressure and incoming solar radiation were performed. For more details, see Elansky et al. (2009). 2.1.3. Airborne measurements. Finally, we analysed data from five airborne campaigns of the YAK-AEROSIB project (see Paris et al., 2010b , for an overview; Table 1 ). These campaigns took place over the East and Far East Siberia on a return route between Novosibirsk and Yakutsk (see Fig. 1 ). During one of the campaigns, in July 2008, an additional circuit was flown further North. During the flights, continuous measurements of carbon monoxide (CO), carbon dioxide (CO 2 ), O 3 and aerosol concentrations were made. In this study, we analyse the measurements of CO and O 3 . Skorokhod et al. (2008) Ozone is measured using a Thermo Instruments Model 49 with modifications for internal calibration, and aircraft operations safety was used (Thouret et al., 1998; Paris et al., 2008) . The instrument is based on classic UV absorption in two parallel cells, with a precision of 2 ppbv, 2% for an integration time of 4 s. It is compensated for aircraft pressure and temperature variations. Prior to detection, air is pressurised to cabin pressure, using a Teflon KNF Neuberger pump model N735 also used for the CO instrument. The O 3 analyser has been initially calibrated against a NIST-related reference calibrator Model49PS. A calibration box with an O 3 generator is used for laboratory check for the analyser before and after each campaign.
The CO analyser has been described in Ne´de´lec et al. (2003) . It is a fully automated instrument designed to reach an accuracy of 5 ppbv or 5%. The instrument is based on a commercial infrared absorption correlation gas analyser (Model 48C, TEI Thermo Environment Instruments). The model 48CTL is qualified by the U.S. EPA-designed method EQSA-0486-060. For more details about the instrumentation, the geographical area studied and campaign descriptions, see Paris et al. (2008) .
Model description
Calculations of the air-mass transport to the measurement locations were made using the Lagrangian particle dispersion model (LPDM) FLEXPART (e.g. Stohl et al. 1998 Stohl et al. , 2005 . Contrary to three-dimensional simple trajectory models, the FLEXPART model takes into account turbulence and convection in the atmosphere. We ran the model 20 d backwards in time with different particle release time intervals for each platform; from the station at 3-hour intervals, from the train at 1-minute intervals and from the aircraft in 10-seconds or 60-seconds intervals depending on available data from each campaign.
FLEXPART uses wind fields from the European Centre for Medium-Range Weather Forecasts (ECMWF) with a resolution of 18 )18. The model calculates the dispersion of a large number of particles (here, 40 000) that are released at one point for a specific time. The model output of the backward calculations is the so-called potential emission sensitivity (PES) field (unit s m 3 kg (1 ). For a more detailed explanation of FLEXPART's backward mode, see Stohl et al. (2003) and Seibert and Frank (2004) . In this study, we use the PES fields for the lowest 100 m layer (the so-called footprint layer) and for the lowest 3000 m layer (L1). The PES values are a measure for where and how intensively the sampled air mass has been in contact with the surface and, thus, how sensitive the sampled air mass is to surface exchange fluxes.
Calculations of PES were performed for both a passive tracer, for which removal processes are ignored, as well as for an ozone-like tracer for which dry deposition is accounted for during the transport following the scheme by Wesely (1989) . The deposition scheme reduces the PES values for the ozone-like tracer compared to the passive tracer, giving a measure of the possible ozone loss due to dry deposition over the 20 d prior to arrival at the measurement site. We extracted land cover data from the ECMWF at 18 )18 resolution and aggregate several land cover classes as 'high vegetation' (evergreen needle leaf, deciduous needle leaf, deciduous needle leaf, evergreen broadleaf and mixed woodland). We will later use this classification to compare PES values for all land use classes and only over forest and wetland.
Statistical analyses
For the analysis of the potential source and sink regions of O 3 , we apply a statistical method as described by Hirdman et al. (2010) and which is similar to statistical trajectory analyses. We relate every measurement denoted with index m to a corresponding modelled passive-tracer footprint PES field S(i,j,m), where i and j are indices of the geographical grid on which S is defined. Using all M measurements available, we calculate an average PES value according to
Sði; j; mÞ (1)
We then select a subset of a number L of observations containing the 25th or 75th percentiles of the concentration distribution and again calculate average PES values for these subsets only, according to
where the suffix P denotes a certain percentile (25th or 75th) of the mixing ratio distribution.
Equation (3) 
Results
We apply the above methods to our different datasets from Siberia. The Trans-Siberian railway covers a distance of about 9000 km, from Moscow (568N, 388E) to Vladivostok (438N, 1318E ). Over such a long distance, the mixing ratios of O 3 and its precursors vary considerably as the train passes by cities, industrial and rural areas. As we wish to investigate the variation of ozone due to surface fluxes over Siberia, we are mainly interested in background O 3 , not in variations due to fresh anthropogenic emissions of precursors. From Perm (588N, 568E) to Vladivostok (Fig. 1) , the railroad crosses more rural areas. However, a positive gradient of the total O 3 mixing ratios could be observed from Perm towards the east as the train reaches more polluted areas in Eastern Asia (Elansky 2009 ). To remove the influence of fresh emissions prior to further analysis, we filter out the O 3 data for conditions when NO x mixing ratios are elevated. Based on the results of Elansky et al. (2009) , we apply a moderate criterion for background condition for both TROICA and Zotino data; NO x B2.2 ppbv, NO x B1.2 ppbv, NO x B1.4 ppbv and NO x B2.2 ppbv for spring, summer, autumn, and winter, respectively. Only between 4 and 23% of the TROICA measurements are obtained under background conditions because the train travels across inhabited areas, whereas this fraction is substantially higher, between 80 and 91%, for the Zotino station, the location of which was specifically chosen to sample background conditions. The background criteria used for the aircraft measurements follow the procedure by Paris et al. (2008) that is based on the CO data. The CO background mixing ratios for each campaign are April 2006 B 167 ppbv, September 2006B108 ppbv, August 2007B104 ppbv and July 2008B101 ppbv.
For further statistical analyses, the airborne O 3 data are divided into two altitude sections designated L1 and L2, respectively. L1 corresponds to altitudes from the surface up to 3000 m, and L2 from 3000 m up to 6500 m. The former loosely represents air masses that likely have recently been within the boundary layer (BL) and, thus, have been influenced by recent direct surface contact and the latter the free troposphere (FT), for which a direct surface contact is unlikely but that may have been in the BL earlier. Table 2 reports summary statistics for background O 3 for all measurement platforms. It is obvious that there is a strong vertical gradient of O 3 mixing ratios, with station and train data being lower than the aircraft data obtained in the lowest 3000 m, which are in turn lower than ozone mixing ratios measured above 3000 m. The vertical gradient is particularly strong in summer. For instance, we find median ozone mixing ratios of 18Á27 ppbv for the Zotino and TROICA data, and 32 ppbv and 67 ppbv for aircraft data obtained below and above 3000 m, respectively. This vertical gradient, best seen in the vertical O 3 profiles shown in Fig. 3 , is a strong indication that, in the area studied, the surface acts as a strong sink for O 3 during summer. The vertical O 3 gradients are less strong during other seasons, as shown by Paris et al. (2010a) . The higher mixing ratios in the FT are likely sustained by photochemical production in pollution plumes imported from ozone precursor source regions and intrusions of ozone from the stratosphere (e.g. Cooper et al., 2010) . Mixing ratios at about 3 km altitude were similar all year round (55Á60 ppbv), whereas the lower altitude O 3 mixing ratios observed during the same aircraft campaigns showed a marked spring maximum (Â50 ppbv) and summer minimum (Â30 ppbv).
To produce statistical analyses of O 3 source and sink regions based on FLEXPART runs as described in Section 2, we divide the O 3 data into two groups: high O 3 (!75th percentile, R 75 ) and low O 3 (B25th percentile, R 25 ) mixing ratios. Figure 4 shows the R P fields for both low O 3 mixing ratios (R 25 , left column) and for high O 3 mixing ratios (R 75 , right column). Data from all three measurement platforms, including both L1 and L2 data from YAK, are here combined for each season.
SPR and SUM show a clear separation between source regions for R 25 and R 75 , respectively. Low O 3 mixing ratios correspond to air masses originating not only from higher latitudes: the Arctic, northern parts of Russia and Scandinavia but also from the Pacific Ocean and inner parts of Siberia. It is, thus, clear that low O 3 values in Siberia are associated with intensive surface contact in remote regions during spring and summer. However, it is not clear whether the surface contact over Siberia itself is more important than the surface contact in other remote areas. Some of the low O 3 seems to be associated also with transport from the Arctic where O 3 can be depleted by halogen chemistry in spring (Oltmans, 1981; Bottenheim et al., 1986) and, in summer, with transport with the monsoon flow from the Pacific Ocean. However, notice that the R P patterns are most robust close to the measurement locations, while they are more uncertain further away, so we think that the forest sink is the most likely explanation for the very low ozone concentrations measured, even if we expect ozone to be low anyway when advected from the Arctic or Pacific Ocean.
In contrast, high R 75 values can be found at lower latitudes: China, central parts of Europe and Russia, the Mediterranean Sea, the Middle East and the regions in the vicinity of the Caspian Sea. Most of these regions have high O 3 precursor emissions and, thus, the high O 3 values are due to long-range transport from these areas. For example, Paris et al. (2010a) showed in their study based on aircraft measurements of O 3 over Siberia a positive correlation between observed O 3 and source regions such as North Eastern China (R00.44) during summer, European Russia (R 00.24) in spring and Western Europe (R 00.35 and R00.34) in spring and summer, respectively. Pochanart et al. (2003) have also shown that ozone mixing ratios at Mondy are elevated in air masses arriving from Europe.
For AUT and WIN, low ozone mixing ratios are associated with transport from anthropogenic precursor source regions in Russia and Europe. This is probably a result of the titration of O 3 by NO in polluted areas. Similar results have been observed in a corresponding climatology for the Arctic region (Hirdman et al. 2010) . High O 3 mixing ratios in AUT and WIN are associated with transport from lower latitudes such as Southern Europe and Asia. However, results for AUT and WIN must be interpreted with caution because less O 3 data are available and O 3 is also less variable during these seasons.
To quantify the impact of the interaction between the air masses and the surface, we correlate measured O 3 with the spatially integrated (over geographical dimensions I, J) footprint PES fields
Sði; j; mÞ (4)
for the passive tracer. Figure 5 shows a scatter plot between O 3 and PES tot , which reveals a negative correlation throughout the year. This confirms that O 3 mixing ratios are lower when surface contact is strong. Pearson's correlation coefficients, R, with values ranging from (0.26 to (0.89, are largest negative from spring to autumn when O 3 is more variable and when we expect surface interactions to be stronger than during winter. This suggests that O 3 is mainly imported to Siberia as already shown in Fig. 4 and mixing ratios are reduced by surface contact. Figure 5 also shows scatter plots between O 3 and PES tot only for land cover types forest and wetland, to investigate whether it is mainly the air mass contact with vegetation surfaces that reduces the ozone mixing ratios. Pearson's correlation coefficients are almost the same for this analysis than when calculating PES tot for all land cover types, indicating that depositions over forests and wetlands are mainly responsible for reducing the ozone. Surface contact over other areas (e.g. the Arctic in spring or the maritime BL) is also associated with low O 3 mixing ratios. Still, most of the surface contact especially during the last few days before arrival takes place over forested areas and wetlands and seems to drive the O 3 destruction.
Compared to footprint PES values for the passive tracer, footprint PES values for the ozone-like tracer are reduced by the parameterised dry deposition. Differences are largest when there is a major surface contact (thus, enabling dry deposition) and when conditions are favourable for O 3 deposition. The deposition scheme implemented in FLEX-PART (Wesely, 1989) accounts for variability of the O 3 deposition velocities resulting from different land cover types, state of the vegetation (e.g. parameterised stomatal closure) and meteorological parameters. As for the passive tracer (see eq. 4), we also spatially integrate the footprint PES values for the ozone tracer and denote the integrated quantity PES O 3 . The quantity PES tot À PES O 3 , thus, is a measure of the parameterised deposition rates accumulated backwards over the last 20 d and may be called potential surface deposition. PES tot À PES O 3 has large values when integrated footprint emission sensitivity PES tot is large (indicating intense contact of the sampled air mass with the surface) and when PES O 3 is small compared to PES tot , indicating that the surface contact took place when parameterised O 3 dry deposition was strong. PES tot À PES O 3 has zero values either when the air mass had no surface contact ðPES tot ¼ 0 and PES O 3 ¼ 0Þ or when there was surface contact but no parameterised deposition ðPES O 3 ¼ PES tot Þ. In reality, if there is surface contact, there will always be O 3 deposition, but deposition velocities can be very small, for instance during night time when stomata are closed and atmospheric stability is high, or over snow and water surfaces. Figure 6 shows measured O 3 as a function of the logarithm of PES tot À PES O 3 . As for the scatter plot against PES tot , O 3 values decrease with increasing values of PES tot À PES O 3 . As expected, the relationship is nearly linear when O 3 is graphed against the logarithm of PES tot À PES O 3 . This confirms that the O 3 loss rate (expressed as ozone lost per time interval per unit of ozone present) is proportional to PES tot À PES O 3 . For values of PES tot À PES O 3 > 4 Â 10 4 s m 3 kg À1 , measured O 3 mixing ratios are very low for the season for all seasons. For instance, for PES tot À PES O 3 > 4 Â 10 4 s m 3 kg À1 , all measured O 3 values are below 20 ppbv in autumn. This means that air masses that are exposed to strong dry deposition in the region (because of high deposition velocities, a prolonged exposure of the air mass to the surface or, most effectively, a combination of both) will eventually lose most of their O 3 , regardless of their initial ozone mixing ratio imported to Siberia.
Conclusions
In the present study, we have analysed ozone mixing ratios in the troposphere in Siberia with respect to air-mass transport. We have used ozone measurements collected from three into season, and particular attention was paid to the period from spring to autumn when the vegetation is active.
The main objective of the study has been to investigate the importance of the Siberian forests acting as a sink for ozone and quantitatively determine the impact of this sink on the measured ozone mixing ratios in the region. To Fig. 4 . R P for ozone data from Zotino, TROICA campaigns, and YAK campaigns combined and divided into spring (SPR), summer (SUM), autumn (AUT), and winter (WIN) (shown from top to bottom, respectively). The panels on the left-hand side show results for low ozone mixing ratios ( B25th percentile, R 25 ) and the panels on the right-hand side show results for high ozone mixing ratios ( !75 th percentile, R 75 ). The grey dot indicates the position of the Zotino station, and the grey lines show the tracks for the Trans-Siberian railway and the aircraft flights (cf. Fig. 1 ). Notice that for winter, only data from Zotino were available. determine the strength of the surface sink for ozone, we calculate the footprint PES using 20-d backward simulations with the Lagrangian dispersion model FLEXPART. Footprint PES was used in the past to quantify the sensitivity of a sampled air mass to receiving emission input from surface sources. However, here it is used to quantify the sensitivity to surface deposition fluxes of ozone. We first used the PES fields for a statistical analysis of the source and sink regions for ozone measured in Siberia. Further on, we performed a statistical analysis of the dependence of measured ozone mixing ratios on the total spatially integrated footprint PES. In addition, we also performed FLEXPART backward simulations for an ozone-like tracer that was subject to dry deposition. The difference between PES values for the passive and the ozone-like tracer is a measure of the potential for loss of ozone through dry deposition and can be compared with measured ozone mixing ratios.
Our conclusions from this study are:
The statistical analysis of the ozone source/sink regions shows that, for all measurement platforms (station, train and aircraft), low ozone mixing ratios are related to advection from relatively clean regions, such as the Arctic and the Pacific Ocean, followed by near-surface transport across Siberia. Source regions for ozone are found South of the measurement locations throughout the year, which are related to advection of air masses from ozone precursor source regions (e.g. China, Europe).
Comparison of vertical ozone profiles obtained from aircraft measurements, surface station and train measurements in Siberia shows a strong reduction of ozone from the free troposphere towards the surface, particularly during the summer. For instance, we find median summer-time ozone mixing ratios measured by aircraft of 67 ppbv between 3000 and 6500 m, 32 ppbv below 3000 m and only 18Á 27 ppbv for the station and train data. This vertical gradient suggests a strong surface sink of the ozone.
To further quantify the surface sink, we correlated the spatially integrated footprint emission sensitivities from FLEXPART with measured ozone mixing ratios. We found negative correlations, with the lowest ozone mixing ratios for the strongest surface contact. The correlations are strongest during spring, summer and autumn. This indicates that surface contact, mainly over Siberia, leads to a dramatic reduction of ozone, explaining also the low overall surface ozone concentrations measured in Siberia especially during the summer.
For further analysis of the deposition sink, we correlated measured ozone with a model quantity that measures the accumulated effect of parameterised potential surface deposition of the sampled air masses during the last 20 d before arrival at the station. For high values of the potential surface deposition, only very low measured ozone mixing ratios are found, typically below 20 ppbv. This indicates that an air mass in contact with the Siberian land surface will eventually lose most of its ozone, regardless of the initial ozone content of the air mass before it entered Siberia. This again emphasises the importance of the surface loss of ozone over Siberia.
We should point out that although we attributed the ozone loss to parameterised dry deposition, in reality some of the ozone loss may be due to chemical destruction in the clean Siberian boundary layer, particularly related to the emissions of BVOCs. BVOC emissions and associated ozone destruction may be strongly correlated with ozone dry deposition (for instance, both are higher during daytime than during night time and both require surface contact) and, thus, the two mechanisms cannot be separated in our analyses, which is a major caveat. Nevertheless, both mechanisms are related to the Siberian forests, emphasising the importance of Siberia as an ozone sink. Because of its large area, Siberia is relevant for the ozone budget also on a global scale. Siberia is currently covered with large areas of wetlands and tundra and is a pristine area with negligible anthropogenic ozone precursor emissions. However, changes could be brought about in the future by increasing anthropogenic emissions (e.g. due to enhanced oil drilling or population growth) and by climate change. The ecology of the Siberian forests and, thus, biogenic emissions and surface deposition may change with a changing climate. Furthermore, increasing ozone concentrations imported from precursor regions may damage the Siberian forests. All these changes could reduce the current strength of the O 3 sink in Siberia. Increasing O 3 concentrations could furthermore trigger a positive feedback mechanism via reduced loss of ozone in Siberia. These changes would be of relevance for the entire Northern hemisphere.
